INTRODUCTION
The stall cells (stall zones) and the cell rotation speed are distinctive features of the rotating stall phenomenon. The interpretation of the experimental data and calculation results play an important role in the analysis of the pressure and velocity fields during rotating stall. The number of stall cells mentioned in published experimental and theoretical studies of rotating stall may be one, two, three and even more (see for example Ciannissis et al, 1992 , Day, I.J., 1992 , Day and Freeman, 1994 , Inoue et al., 2000 , Inoue et al., 2002 , Levy et al., 2002 , Mathioudakis and Breugelmans, 1985 , Poensgen and Gallus, 1996 ).
The number of stall cells and their rotational speeds is not the main subject in most papers. However, relevant parameters may be obtained from these papers. For example Inoue et al., 2002 , examine the short and long length-scale disturbances leading to rotating stall in an axial compressor stage. We can consider the short length-scale disturbance as the vortices from the rotor blades and the long length-scale disturbances as the disturbances directly related to the stall process. Therefore, the frequency of the short length-scale disturbances may be that of the rotor blade frequency. Consequently, the frequency of the long length-scale disturbances is the frequency of rotating stall processes and is in the order of rotor rotational frequency.
The number of pressure sensors in experiments with compressors is usually limited. However, recent advances in sensor technology allow recordings of massive amounts of pressure signal data. The problem with such data analysis lies in possible misinterpretations. Hence there is a need to improve the techniques for interpretation of the pressure and velocity fields within the compressor during rotating stall that would allow accurate definition of the number of stall cells and their rotation speeds. However, it is our understanding that in order to achieve accurate and meaningful results one needs simultaneous analysis by visual interpretation of the pressure oscillations in time and space together with other characteristics (for example, the frequency spectra).
IDEALIZED MODELS OF STALL CELLS Pressure change in time
First there is a need to define a stall cell (stall zone), by pressure field analysis. All pressures have periodical components during steady-state rotating stall processes. We designate the regions of significant pressure reductions in the pressure signal as stall cells. We relate to the lower part of pressure oscillation as stall because stall is always accompanied by pressure reduction. Thus, we can name the regions in the pressure fields of lower values as rotating cells. Typically, the first harmonic amplitude in the pressure spectra is larger than all other harmonic amplitudes.
The pressure characteristics become complicated due to higher and lower harmonics in the pressure signals which may also include contributions from rotor blade rotation. In order to simplify the analysis, we first consider several examples of idealized pressure behavior in a transverse cross-section of a compressor during rotating stall. Figures 1-3 show three typical examples of pressure behavior: a) Sinusoidal curve of pressure change (Fig. 1) . This form may also be found in cases of filtered pressure signals.
b) Quasi-steady pressure with discrete pressure decrease (pulse, Fig. 2 ). The shape of the pulse may be of different form (linear, exponential) -this is incidental.
c) Quasi-steady pressure variations with sets of a few pressure decreasing pulses or continuous pressure pulses (Fig. 3 ). Similar cases are described, for example in Inoue et al., 2002. We should distinguish between cases of a certain number of continuous pulses within the period of pressure field rotation (repetition of the pressure field) from a similar number of pulses in a period, but in separated groups of pulses. (See for example the case of three groups with four pulses in the pressure field period (Fig. 3a) and the case of twelve continuous pulses in the period (Fig. 3b) .)
It is clear that only a whole number of stall cells may exist simultaneously in any transverse cross-section of the compressor. Hence, the instantaneous pressure distribution in the circumference of the compressor section begins and ends at the same point, and must include the information about all existing cells. Theoretically the value of these whole numbers is not limited. However, it is limited in practice during rotating stall. The number of stall cells should be less than the rotor blade number, because oscillations with blade frequencies are induced from blade whirls and therefore relate to other phenomenon (see Inoue et al., 2001 , Inoue et al., 2002 .
Transfer from pressure change in time to pressure change in circumference of compressor
We introduce the following interpretation: the characteristic of pressure variations in circumference of a specific transverse cross-section at a specific time appears to be similar to the characteristic of pressure variation with time at a certain location on the compressor circumference. The number of low-pressure regions within the pressure field (over the compressor circumference), defines the number of stall sells. Hence the simultaneous information about the pressure variation in time at several points on the compressor circumference includes also the information about the pressure fluctuation in the compressor circumferential direction. Hence, a minimum of two sensors on the compressor circumference is needed during experiments in order to determine the relation between the phases of pressure signals and the sensor locations. For such analysis, the rotor and stall cell speeds are of no practical importance.
For definition of pressure variations at the circumference of a compressor, a large number of sensors must be installed in a single transverse cross-section of the compressor stator. The accuracy of this characteristic will increase with increased number of sensors. It is a fact that the pressure fluctuations (with time) at different points of the compressor circumference, during steady state rotating stall processes are similar, however with different time shift. The values of these time shifts (or phase shifts) depend on the geometrical angles between the sensor locations on the compressor casing in the transverse cross-section. The link between the phases of pressure oscillation and the geometrical angles of the sensor locations depends also on the number of stall cells. Figures 4 and 5a show in polar coordinates a few examples of idealized pressure signal corresponding to cases of one and two stall cells with sinusoidal curve of pressure change (Figs. 4a and 4b) and cases of one and two pulse signals of pressure (Fig. 4c -for one stall cell, Fig. 4d -for two symmetric stall cells, and Fig. 5a -for an asymmetry case of two cells). As can be seen from these figures, the links between the phases of pressure oscillation and the geometrical angles of the sensor locations are determined by the number of cells. Accordingly the numbers of cells may be defined from the experimentally obtained characteristic "phases of pressure oscillation with respect to the sensor location". Examples of these characteristics will be given later in the paper.
The other method for the determination of the number of stall cells in a transverse cross-section is to be found in graphs of the pressure variations in this cross-section during rotating stall as shown in Figs This may be used for determination of the number of stall cells in a transverse crosssection, k. In most cases we find
However in specific cases of more complicated forms of signals (for example see Fig. 5) :
The speed of stall cell rotation
The speed of stall cell rotation, ω CR , (for each of the cells and at different rotor speed) is defined by two parameters:
1) the angle of pressure field rotation, ∆θ, 2) the duration of this angle of pressure field rotation ∆τ .
Consequently:
The pressure field as demonstrated by any of the sensors located in a specific stator cross-section repeats itself periodically. Hence a period of the pressure field rotation may be determined. It should be remembered that within one cycle of the pressure field rotation there may be several cells (different in their intensity and size; see for example Fig. 5) . It is the authors' opinion that in practice these cells can be similar or different. However, the formulae for determination of the cells rotational speed, ω CR , for all cases must be the same. It should also be remembered that there is no direct link between the speed of rotor rotation and that of the pressure field rotation. Consequently, in an exact analysis, the different cells should be considered individually and each one of them would rotate at the same speed as the whole pressure field. However, sometimes the different cells may seem similar and evenly distributed in the circumference. Even in such a case the period for the cell cycle should be considered as that of the global pressure field rotation, as determined from the phase correlation between sensors located at different circumferential positions.
The pressure field rotational period (T CR ) -may be equal to the period of pressure oscillation in time T OSC (case of single cell rotation; see Figs. 1, 4a, 4c); -may be greater than the period of pressure oscillation T OSC in whole number k (for example the case of two similar cells rotating simultaneously ( k = 2) (see Figs. 2, 4b, 4d); -may be equal to the sum of time duration of the different pressure oscillating cells (in case of several different asymmetrical cells see Fig. 5b ); -cannot be less than the period of pressure oscillation T OSC . This is impossible because the phase of pressure field oscillation must repeat itself in time t = 0 and in time t = T CR . In case of idealized pressure fields (as seen in Fig. 4 ), the minimal angle at which the characteristic pressure versus angular position of the sensor at the compressor stator is repeated may be equal k π 2 , where k is the number of stall cells. However, in reality, due to differences even between "similar" cells the period is exactly 2π. This may be as a result of the fact that the parameters of different cells may be not identical. (See the example in the following section of the paper.)
ANALYSIS OF EXPERIMENTAL DATA ABOUT STALL CELLS AND THEIR ROTATION SPEEDS
There are different methods to interpret experimental data. However, it is our opinion that visual analysis of pressure oscillation signals in time and space in conjunction with additional methods such as frequency spectral analysis may give the correct results. The present study refers to interpretation of experimental data obtained during rotating stall in a four-stage axial compressor of the University of Hanover. More detailed characteristics of this compressor and these experiments may be found in Levy et al., 2002, Pismenny and Levy, 2001 . A longitudinal cross-section of the compressor with numbering of sensors in transverse cross-sections and a circumferential cross-section of the compressor with angular numbering of sensors are given in Fig. 6 .
Rotating stall with different numbers of cells in different transverse crosssections
Single cell. Fig. 7 shows pressure changes over the circumference of the compressor during an established process of rotating stall in transverse cross-sections #1 (four sensors: F1, G1, A1, B1 with repetition of sensor F1). The pressure change of sensor F1 is shown twice to show the pressure behavior of the whole circumference of the cross-sections. The rotating stall was perceived at a rotor speed of about 14400 rpm (i.e. 240 Hz or 80% of the design rotor speed 18000 rpm). It is seen from the figure that:
a) The pressure field rotational period is equal to the period of pressure oscillation in this cross-section (0.0097 s, one cell).
b) We may consider also this duration as equal to the period of the cell rotation, T CR . This means that the frequency of cell rotation in this cross-section, ω CR , equals about 103 Hz.
This process would be considered as a typical rotating stall process with one rotating cell.
Multiple Cells. Considering the pressure changes over the compressor length ( sensors F1, F2, F1, F2, F3, F4, F5, F6, F7, F8, F9 ; see Fig. 8 ) and the frequency spectra of these pressure signals (see Fig. 9 ) we see that:
a) The first harmonic of pressure oscillations has the maximal values of amplitudes for sensors in transverse cross-sections #1, #2, #3, #6 and #9 (sensors F1, F2, F3, F6, and F9).
b) The second harmonic of pressure oscillations has the maximal values of amplitudes for sensors in transverse cross-sections #4, #5 and #7 (sensors F4, F5, F7). The amplitudes of the first harmonic in these cross-sections are substantially smaller than the amplitudes of the second harmonic. c) In cross-section #8 (sensor F8), both amplitudes of the first and second harmonics of pressure oscillations are large.
From the signals in Fig. 8 and in accordance with the cell definition in part 2 of the paper it seems that in cross-sections #1, #2, #3, #6 and #9 there are one cell in each cross-section and in cross-sections #4, #5 and #7 there are two cells. These characteristics can also be interpreted from the frequency spectra of the time signals (Fig. 9) . Whenever the first harmonic is largest in amplitude, there is only one cell. When the second harmonic is dominant, two cells rotate simultaneously within a compressor cross-section. Consequently, it seems that in order to obtain the correct interpretation of the pressure signal and the rotating stall behavior, there is a need to consider a large number of stages (and their frequency characteristics) in several cross-sections and during common time.
A different and novel way to present the data and to visually display the cell's dynamics is presented in Fig. 10 . Figure 8 If we filter the signals displayed in Figs. 10a, 10b and 10c by a band-pass filter for the first harmonic we could visualize the existence of one rotating cell. This result is shown in Figs. 10d, 10e and 10f. For analysis of these figures, one must draw attention to the scales of the diagrams. (For example the maximum scale of the diagram in Fig. 10d (0.5) is 10 times larger than the minimum scale of the diagram in Fig. 10e (0.05) .) Accordingly, we also see from this characteristic that one stall cell exists in cross-sections #1 and #9 and practically does not exist in cross-section #7.
However, if we apply a filter for the second harmonic (about 206 Hz), we clearly see the existence of two cells rotating simultaneously (see Figs. 10g, 10h and 10i) . We also see from this characteristic that two stall cells exist in cross-sections #7 and practically do not exist in cross-sections #1.
We may assume that all cells in all cross-sections rotate simultaneously with rotation speeds equal to the frequency of the first harmonic of pressure oscillations. Thus, we see that in all transverse cross-sections, the speed (or frequency) of stall cell rotation is equal to the frequency of the first harmonic of pressure oscillations -about 103 Hz. In addition, it seems that wherever there are several cells, they all rotate at the same speed (for example in cross-sections #7). Figure 11 shows correlations between the phase of pressure oscillation, ϕ , and the positions of sensors G1, A1, B1 relative to sensor F1 (angle θ ) in transverse cross-section #1, for the first harmonic. This characteristic is linear.
Hence, we see that based on Figs. 9-11 we may assume the following: -There is one stall zone in cross-sections #1, #2, #3, #6 and #9.
-There are two stall zones in cross-sections #4, #5 and #7.
-The rotation speeds of the pressure fields in all cross-sections are equal.
Rotating stall with three zones
Figures 12 and 13 show fragments of pressure variations in a compressor during an established process of rotating stall (in test 18, 17100 rpm or 95% of design rotor speed -18000 rpm). Figure 12 shows the pressure changes in the compressor during an established process of rotating stall in longitudinal cross-section (four sensors: F1, F2, F4, F6). Figure 13 shows the pressure changes in the compressor in transverse crosssection (four sensors: F1, G1, A1, D1). The first harmonics of pressure signals in transverse cross-section (Fig. 14) are received after filtering these four signals (F1, G1, A1 and D1). As may be seen, the frequency of pressure oscillation is about 1570 Hz. At the same time the speed (or frequency) of stall cell rotation, ω CR , is three time less -523
Hz. This is because of the fact that the period of the stall cells rotation is equal to three periods of pressure oscillation.
Blade rotor frequencies in pressure oscillation spectra.
The pressure oscillations with frequencies of rotor blades complicates the total picture of oscillation during rotating stall and needs to be taken into consideration in rotating stall studies (Figs. 13, 14, 16 and 17) . Extending the span of the frequency spectra from the pressure signals enables one to include the effect of blade rotor frequencies. Figure 20 demonstrates the frequency characteristics of pressure in a compressor during rotating stall at 60% of designed rotor speed. This figure shows the frequency characteristics of pressure along the compressor (sensors F1 -F2 -F4 -F6 -F8), in the compressor stator circumference (sensors E2 -F2; F1-G1-A1-D1) and over rotor blades in the first rotor stage (sensor R-1) during rotating stall.
As may be seen from the frequency spectra, the frequencies where the oscillation amplitudes obtain large values, correspond to half of the rotor harmonic and to 23 rd , 27 th , 29 th rotor harmonics (i.e. they correspond to the rotor blade frequencies and are induced from blade whirl). It is a fact that the numbers of rotor blades in the experimental compressor are 23, 27, 29, 31 in the 1, 2, 3, 4 successive blade rows (see Levy et al., 2002) . In this experiment, the frequency of maximal oscillation amplitudes during rotating stall equals half the rotor harmonic and accordingly is much less than the rotor blade harmonics.
Some features of rotating stall with different numbers of cells in different transverse cross-sections
In previous sections conclusions about cell numbers in different transverse cross-sections were reached on the basis of analysis of only one signal in each of these cross-sections. Below is given an example of measurements for confirming this conclusion. Fig. 21 shows the pressure variations during rotating stall received at rotor speed of about 12600 rpm (i.e. 210 Hz or 70% of the design rotor speed 18000 rpm). Fig. 22 shows pressure variations over the circumference of the compressor during an established process of rotating stall in transverse cross-sections #4 (four sensors: F4, G4, A4, B4 with repetition of sensor F4) and #5 (four sensors: F5, G5, A5, B5 with repetition of sensor F5). As in Fig. 7 for sensor F1, the parameters of sensors F4 and F5 are shown twice to demonstrate the pressure behavior of the whole circumference of the cross-sections.
It is seen from the figures that:
a) The pressure field rotational period equals the period of pressure oscillation,
T OSC (about 0.011s).
b) We may consider these durations as equal to the periods of the cell rotations, T CR . This means that the frequency of cell rotation is the same in the two different cross-sections and equals about 90 Hz.
c) The two stall cells which are situated in the circumference of the crosssections #5 and #7 are not symmetrical. The durations between two stall cells are not equal to a half period of pressure oscillation:
For comparison, consider now (Fig. 23 ) the frequency spectra of the pressure signals measured by these sensors and presented in Fig. 21 . We see that:
a) The maximal amplitudes of pressure oscillations for sensors in transverse cross-section #4 (four sensors: F4, G4, A4, B4) have frequencies of about 90 Hz (the first harmonic of pressure oscillations) and about 180 Hz (the second harmonic).
b) The maximal amplitudes of pressure oscillations for sensors in transverse cross-sections #5 and #7 (four sensors: F5, G5, A5, B5 and F7) have a frequency of about 180 Hz (the second harmonic). The amplitudes of frequencies of about 90 Hz (the first harmonic) are substantially smaller than the amplitudes of the second harmonic.
It seems that there is a possibility for incorrect interpretation (that the frequency of cell rotation becomes formed by the second harmonic). Thus there is a need to consider the frequency characteristics in several cross-sections and in common time.
A different way to display the cell dynamics visually is presented in Figs 24 and 25. Fig. 24a shows time variation of pressure signals from 4 sensors in transverse cross-section #4 (A4, B4, F4 and G4). A section in time (T CR ) from each of these signals is converted to be displayed in polar coordinates in Fig. 24b . Hence the polar distributions of the pressure signals may be regarded as ones obtained at different instances of time where the time delay is related to the relative angular positions of the different sensors. Similarly Fig. 25 shows pressure variations from 4 sensors in transverse cross-section #5 (A5, B5, F5, G5), in time coordinates (Fig. 25a ) and also in polar angular coordinates (Fig. 25b ). (Fig. 26a) and second (Fig. 26b) harmonics. Similarly Fig. 27 shows in polar coordinates the filtered signals variations from 4 sensors in transverse cross-section #5 (A5, B5, F5, G5), for the first (Fig. 27a) and second (Fig. 27b) harmonics. Thus we see that in all transverse cross-sections, the speed (or frequency) of stall cell rotation is equal to the frequency of the first harmonic of pressure oscillations -about 90 Hz. Fig. 28 shows correlations between the sensor positions relative to the sensors F4 and F5 and changes of their pressure oscillations phases for first (Figs 28a, 28c) and second (Figs 28b, 28d) harmonics.
We may assume based on Figs 24-28 the following: there are simultaneously one stall cell (with frequency of about 90 Hz -the first harmonic) and two stall cells (with frequency of about 180 Hz -the second harmonic) in all examined crosssections. However the amplitude of the stall cell with frequency of first harmonic in cross-section #5 is substantially smaller than the amplitude of the stall cell with frequency of the second harmonic. We see that the conclusions about the numbers of stall cells are mostly subjective. Therefore it is necessary to mention what one must take into consideration. First of all, it is necessary to undertake common analysis of rotating stall characteristics (such as the frequency spectra) viewing process in time and space. 2. It seems that visual analysis of rotating stall oscillations in time and space in conjunction with other methods (for example the method of frequency spectra) is critical to obtain the correct determination of the number of stall cells and their rotation speeds.
3. In complex cases, the number of stall cells in any transverse cross-section may be defined after graphing the characteristics "phase of pressure oscillation versus sensor positions" and their joint analysis with the pressure signal variations in time and space.
4. The numbers of stall cells in different transverse cross-sections of a multistage compressor may not be identical, however their pressure fields rotate at the same speed and, accordingly, the rotational speeds of the stall cells can be the same.
5. In case of k identical stall cells, the rotational speeds of the stall cells are k times less than the frequency of pressure oscillation.
6. The total picture of pressure oscillation during rotating stall is complicated by the high frequency of the rotor blades. However, this needs to be taken into consideration in rotating stall studies. 
